Reynolds stresses, wall skin friction and power spectra of velocity fluctuations are compared with those obtained from using periodic inlet-outlet boundary conditions. In particular, the variances and power spectra of pressure fluctuations are shown to be accurately predicted only when the divergence-free * +44 (0)23 8059 4493
by imposing von Karman spectra rather than a Gaussian model. Kornev and Hassel [6] derived the velocity potential which satisfies the divergence-23 free condition and then numerically calculated the solution. Poleto et al.
24
[7] recently proposed a similar method and showed a significant decrease of 25 pressure fluctuations in a turbulent channel flow using their new method.
26
Nevertheless, none of these authors analysed in any depth the impact of 27 the inflow condition on pressure fluctuations, such as variance and spectra.
28
For many applications the pressure fluctuation field is of primary interest.
29
The major objective in the present work was therefore to develop a more 30 satisfactory method in this regard. 31 We propose here a divergence-free inflow generation method which is 32 based on Xie and Castro's method [8] (hereafter, XC) with a slight, but 33 crucial, modification of the incompressible flow solvers. This is described in 
where i, j = 1, 2, 3. u i is an instantaneous velocity which is imposed at the 45 inlet boundary, U i is a mean velocity, a ij is an amplitude tensor and u * 
This provides scaling and cross-correlations for u * ,j in Eq. 1. The XC 
where N = 2n, n = I/∆x, ∆x is grid size and I is an integral length scale. 
It is straightforward to generate spatial correlations for a 2D space (cf.
Eq.3) as, 
Only one slice of the 2D signal, ψ m,l , is generated at each time and is 61 correlated with the velocity at previous time level using, 62 u * ,i (t + ∆t) = u * ,i (t)exp
where the model constant C XC = π/4 and T is the Lagrangian time scale ) gives 75 a better fit compared to that used in XC, so is used throughout this paper.
76
I ij = r ij,0.1
where C i (rê j ) is the correlation function, i and j correspond to the com- 
93
We introduce a simple correction to maintain the constant mass flux.
94
Instantaneous velocity at the inlet boundary is corrected as,
where,
where u i,T is the generated velocity from the XC model and u n,T is the com-
96
ponent of u i,T normal to the inlet boundary. S is the surface area of the 97 inlet, U b is the prescribed bulk velocity and U b,T is the instantaneous bulk 98 velocity calculated from the uncorrected velocities. Simulations which use
where i, j are vector indices and Re is Reynolds number. Eq. 9 can be 122 written in a semi-discretised form at each node (suffix P ) as [14] ,
where n is the time index and l denotes the neighbouring points around 124 node P , whose choice depends on the discretisation schemes. Q i is a sum of 125 boundary conditions and quantities at previous time levels. Eq. 11 can be 126 re-written as,
The first term on the right-hand-side (R.H.S.) can be written in a brief 128 form as,
so that
Requiring u n+1 i,P to be divergence free and applying the divergence operator 131 on Eq. 14 leads to, 
where to the second corrector step,
The corrected pressure p * * can be calculated requiring that the further 152 corrected velocities u * * * i are divergence free, and they are ready to be used for the next time step. The equations used sidered as the velocity excluding contributions of the pressure gradient [14] .
163
The idea of the divergence-free turbulence method is to letũ * i on one 2D 
180
A similar modification is introduced in the second corrector step. Eqs.
181
20 and 21 at x = x 0 thus become
The same generated velocities as in Eq. 22 are imposed at x = x 0 , i.e. 
For the accuracy analysis, new error terms for velocity and pressure are
where k = * , * * , * * * and l = n, * , * * . Subtracting Eq. 16 from Eq. 14 gives,
where ξ n is O(dt) via the Taylor series expansion under the Euler discretiza-
219
Rewriting Eq. 28,
221
In a similar way, we subtract Eqs. 22, 23 from Eqs. 14, 15 and get the 222 error equations on the 2D plane where synthetic turbulence is imposed,
and
where ε
It is difficult to accurately estimate ε g * i at this 225 stage. Nevertheless it is inherently no greater than the full difference of the 226 generated (uncorrected) velocities between the time steps n + 1 and n. When the time indices are t + ∆t → n + 1 and t → n in Eq. 6, the full difference 228 of the generated velocity, ε g i , can be estimated by combining Eqs. 1 and 6,
Then it is estimated that ε
is still valid for the pressure in the rest of the domain (i.e. except for x = x 0 ).
231
Then the velocity error along the streamwise direction, i.e. ε * i =O(dt 2 ) (for agree that neither ξ
is an accurate estimation,
) is a slightly better one, where 0 < β < 1.
242
Using Eq. 30 and following the same procedure as for the estimation for to the levels suggested in [15] .
246
The errors in the second corrector step are calculated by subtracting Eqs. 
258
In order to get more confidence in the error analysis, the decay of the Note that the velocity error from case XCDF is based on the generated ve-265 locity field on the plane at x = x 0 , i.e. |ε * | = |u case XCDF are significantly greater than those for case PBC in Fig. 1(a) .
271
However, the error decay with time step for case XCDF is similar to that for 
279
The pressure errors for cases PBC and XCDF in Fig. 1 The Reynolds number of the channel flow based on the friction velocity, 
352
The integral length scales were calculated by integrating two-point cor- For the inflow models, the distribution of the x-direction length scales,
366
I i1 , along the wall-normal direction is a function of the local mean velocity,
367
U 1 (y). Only one 2-D slice of the signal is generated and convected into the 368 domain at every time step. Thus we get I i1 (y) = T i1 × U 1 (y) using Taylor the models were performed on a virtual uniform mesh and then they were 373 interpolated to the non-uniform mesh at the inlet. case XCDF is about within 5%.
439
To visualize the near wall structures, the second invariant of the velocity 440 gradient tensor can be used -often called the Q-criterion (e.g. [28] ), which 441 is written as,
where Ω ij = (
)/2 and S ij = ( 
477
In practical applications, a very coarse mesh at the inlet may be adopted (i.e. tunnel experiments has been very promising.
503
The divergence-free model can be easily implemented in other CFD codes.
504
For example, a similar method has been used in an in-house code [33] . Our 505 method has been tested using both PISO and PIMPLE (i.e a combination 506 of PISO and SIMPLE) solvers in OpenFOAM, which suggests the significant 507 potential of the method. 
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